Accessibility of DNA is a prerequisite for both DNA damage and repair. Therefore, the chromatin structure is expected to have major impact on both processes, with opposite consequences for the stability of the genome. To analyse the influence of chromatin compaction on the generation and repair of various types of DNA modifications, we modulated the global chromatin structure of AS52 Chinese hamster ovary cells and HeLa cells by treatment with either histone deacetylase inhibitors or resveratrol and measured the repair kinetics of (i) pyrimidine dimers induced by ultraviolet B, (ii) oxidised purines generated by photosensitisation and (iii) single-strand breaks induced by H 2 O 2 , using an alkaline elution technique. The decrease of chromatin compaction (detected as reduced DNA accessibility to DNase I) after treatment with trichostatin A or butyrate slightly increased the damage generation but had no significant effect on the global repair rates. In contrast, incubation of AS52 cells with resveratrol at concentrations that caused significant chromatin compaction and that had only moderate influence on cell proliferation gave rise to a strong decrease of the repair rates of all three types of DNA modifications. Similar, but less pronounced effects were observed in HeLa cells. The effects of resveratrol on the repair rates were not antagonised by the sirtuin inhibitor EX-527 or by an increase of the intracellular thiol levels.
Introduction
The structure of the chromatin in eukaryotic cells affects the accessibility of DNA and therefore has consequences for all cellular activities involving DNA. A more open and accessible chromatin should facilitate both the generation of DNA modifications by endogenous and exogenous agents and the initiation of the repair, while a more condensed and compact chromatin might protect against damage generation, but at the same time hinder and retard the detection by repair enzymes. After detection of the lesions, the subsequent processing is expected to involve additional local opening of the chromatin. In agreement with this notion, post-translational modification of histones, e.g. by acetylation, is a well-established response to DNA damage induction by ultraviolet (UV) and ionising radiation, which precedes (and follows) repair (1) (2) (3) (4) (5) (6) . Moreover, the influence of the chromatin structure on damage generation was demonstrated for at least some types of lesions and damaging agents such as bulky adducts generated by alkylating agents and double-strand breaks (DSB) induced by ionising radiation (7, 8) . Chromatin condensation by hypertonic shock was shown to impede the repair of oxidatively generated DNA base modifications (9) .
In the last years, several small-molecule modulators of the chromatin structure have been identified and tested for various therapeutic applications, in particular tumour therapy. These include inhibitors of histone deacetylases (HDACs) such as valproate, butyrate, trichostatin A (TSA) and vorinostate (suberonylanilide hydroxamic acid) as well as compounds such as resveratrol (3, 5 ,4′-trihydroxystilbene), which act as direct or indirect activators of NAD + -dependent deacetylases (sirtuins) (10) (11) (12) . HDAC inhibitors are known to cause decondensation of chromatin and at the same time sensitise cells to ionising radiation (13) (14) (15) . The latter effect, however, appears to be not only caused by an increased accessibility of the DNA but also by an inhibition of the repair of DSB in consequence of a down-regulation of repair proteins such as BRCA1, which is involved in homologous recombination (8, (16) (17) (18) . The influence of HDAC inhibitors on other DNA repair mechanisms has not yet been established. Resveratrol on the other hand has been shown to modulate chromatin compaction in the opposite direction and therefore potentially decreases the accessibility of the DNA (19) . The effect is consistent with the well-established potential of resveratrol to activate sirtuins, which are known to act as class III HDACs (20) (21) (22) . The influence of resveratrol on damage generation and repair has not yet been studied in detail, but in mouse embryonic stem cells treated with resveratrol, higher survival after ionising radiation and fewer persisting strand breaks after 3.5 h were observed (23) .
The aim of this study was to analyse the effect of the HDAC inhibitors TSA and butyrate on the one hand and of the sirtuin activator resveratrol on the other hand on the generation and repair of three different types of DNA modifications, namely cyclobutane pyrimidine dimers (CPDs; generated by UVB), oxidised guanines such as 8-oxo-7,8-dihydroguanine (8-oxoG; generated by photosensitisation) and single-strand breaks (SSB; generated by H 2 O 2 ). While CPDs are known to be removed by nucleotide excision repair (NER), 8-oxoG is subject to base excision repair (BER), and SSB are repaired following a recognition by PARP1 in the first step. Our results indicate that treatment of cultured AS52 cells with chromatin modulators changes the global chromatin compaction in the expected sense, i.e. HDAC inhibitors increase the accessibility of nuclear chromatin to DNase I, while resveratrol has an opposite effect, i.e. it induces a more condensed chromatin structure. Damage generation under the influence of the HDAC inhibitors is slightly increased, while all three types of global DNA repair mechanisms appear unaffected. In contrast, resveratrol strongly decreased the repair rates of all three types of DNA modifications, while damage generation was unchanged. Cells (5 × 10 6 ) were plated in 175-cm 2 flasks 24 h prior to the addition of resveratrol or HDAC inhibitors. Following the 24-h incubation time, cells growing in monolayer were cross-linked by addition of 1% formaldehyde directly to the medium. Flasks were incubated for 17 min at room temperature with gentle shaking. The cross-linking reactions were instantly stopped by the addition of seven volumes of 1 M glycine and incubation for 5 min at room temperature. The cross-linking step could be omitted. However, we found that the crosslinked nuclei are easier to handle and result in more reproducible patterns of DNA fragments after the nuclease digestions.
Isolation of nuclei for the chromatin analyses
Attached cells were washed once with ice-cold phosphate-buffered saline (PBS) supplemented with 0.5 mM phenylmethanesulphonylfluoride (PMSF) and further kept ice-cold at all times. Cells were scraped in 20 ml PBS/PMSF, collected by centrifugation (5 min, 1800 g, 4°C), resuspended in 5 ml sucrose buffer A [0.32 mM sucrose; 15 mM HEPES (pH 7.9), 60 mM KCl, 2 mM EDTA, 2 mM ethylene glycol tetraacetic acid (EGTA), 0.5% bovine serum albumin, 0.2 mM PMSF and 0.5 mM dithiotreitol (DTT)], incubated for 15 min on ice and Dounce homogenised with 15−20 gentle strokes. Cell lysates were overlaid on the cushion of 5 ml of sucrose buffer B [30% w/v sucrose; 15 mM HEPES (pH 7.9), 60 mM KCl, 2 mM EDTA, 0.5 mM EGTA and 0.5 mM DTT] and centrifuged (15 min, 3000 g, 4°C) to collect nuclei. The pellets were washed with NUC buffer [15 mM HEPES (pH 7.9), 60 mM KCl, 15 mM NaCl, 0.34 mM sucrose and 0.15 mM β-mercaptoethanol], centrifuged (5 min, 2300 g, 4°C) and finally resuspended in 0.4 ml NUC buffer. Aliquots were 80-fold diluted with 1 M NaOH and incubated for 5 min at room temperature to measure the OD260. The samples were adjusted with the NUC buffer, and 200 µl aliquots containing 10 OD260 units were stored at −80°C for up to 1 month.
Digestion of isolated nuclei with DNase I
The nuclei preparations (1 OD260 unit in 20 µl) were mixed on ice with 20 µl NUC buffer without β-mercaptoethanol, supplemented with 20 mM CaCl 2 , 10 mM MgCl 2 , 20 mg/ml RNase A and the indicated amounts of DNase I (Fermentas, St. Leon-Rot, Germany). Digestions were performed at 37°C and stopped after 30 min by the addition of an equal volume of the 2× nuclease-stop buffer [10 mM Tris-HCl (pH 8), 20 mM EDTA and 1% sodium dodecyl sulfate]. DNA-protein cross-links were reversed by incubation overnight at 65°C, and the samples analysed directly in 1.2% agarose gels. Gels were documented by the Gel Doc TM XR+ Molecular Imager® (BioRad). Fluorescence intensity profiles from single lanes were analysed by the Image J software (version 1.46o; http://imagej.nih.gov/ij/) as shown in supplementary Figures S1-S3 and S9, available at Mutagenesis Online.
Induction of DNA damage
In order to generate pyrimidine dimers, proliferating AS52 or HeLa cells (grown for 24 h in the presence or absence of the indicated histone modulators) were exposed in PBS to 2.9 J/m 2 UVB from a Philips TL20W/12RS lamp (max. emission at 306 nm) in open cell culture dishes on ice. In order to induce oxidative DNA base modifications (predominantly 8-oxoG), the cells were irradiated with visible light (1000 W halogen lamp at a distance of 38 cm) on ice in the presence of Ro19-8022 (50 or 100 nM) for 10 min (25) . For the induction of SSB, either cells attached to the culture flask were treated with H 2 O 2 (0-300 µM) in serum-free culture medium for 15 min at 37°C, or cells detached with trypsin were allowed to recover in suspension for 5 min in culture medium at 37°C and then incubated at 0°C with H 2 O 2 (0-400 µM) in PBS for 15 min. Damage induction was stopped by addition of catalase. In all three cases, the induction of the DNA modifications was not associated with detectable cytotoxicity, measured as influence on cell proliferation (data not shown).
Quantification of SSB and repair glycosylase-sensitive modifications by alkaline elution DNA modifications were quantified by an alkaline elution technique originally described by Kohn et al. (26) , with modifications (27, 28) . For the assay, 10 6 cells are lysed on a membrane filter and eluted with an alkaline buffer. The assay makes use of the fact that the elution rate of the chromosomal DNA from the filter depends on the length of the DNA fragments and therefore on the number of SSB. If the DNA on the filter is incubated with a repair glycosylase/endonuclease prior to elution, the substrate modifications of the repair enzymes can be quantified with the same sensitivity as SSB. In this study, oxidative purine modifications such as 8-oxoG were determined using the bacterial Fpg protein as a probe, while CPDs were detected by incubation with T4-endonuclease V. The numbers of SSB were determined in all cases in experiments without any repair glycosylase.
Determination of repair rates
For the analysis of cellular repair rates, equal numbers of DNA modifications were induced as described above in cells pretreated or not with chromatin modulators. The numbers of modifications determined directly after damage induction were corrected for the basal numbers of modifications in undamaged cells (which were insignificant in the case of pyrimidine dimers and SSB) and defined as 100%. After incubation of the cells for various periods under culture conditions at 37°C, the residual modifications were quantified in the same way and the percentages of unrepaired modifications were calculated.
Determination of glutathione levels
Total glutathione levels (GSH + 2GSSG) were quantified according to Griffith (29) . Adherent cells were harvested and washed with PBS. Samples containing 10 7 cells were dissolved in 1 ml TCA buffer (0.1 M trichloroacetic acid, 330 nM EDTA and 33 mM HCl) and sonicated. After centrifugation (10 min, 12 000 g), 700 μl nicotinamide adenine dinucleotide phosphate (0.3 mM), 100 μl 5,5′-dithiobis(2-nitrobenzoic acid) (6 mM) and 4 μl glutathione reductase (600 U/ml, Roche Diagnostics, Mannheim, Germany) were added to 20 or 40 µl of supernatant. Absorption at 412 nm was measured every 30 s for 2 min. By comparing the absorption with glutathione-containing standard solutions, glutathione yields were calculated.
Statistical data analysis
Statistical analyses were performed using the Student's t-test. Significance levels (P-values) are indicated in the figures. Error bars represent mean ± SD.
Results

HDAC inhibitors and resveratrol influence global chromatin compaction in opposite directions
To determine the influence of the HDAC inhibitors (TSA and butyrate) on the one hand and of resveratrol on the other hand on the global chromatin compaction in cultured AS52 Chinese hamster ovary cells and HeLa cells, we determined the accessibility of DNA in isolated nuclei to DNase I. Analysis by gel electrophoresis of DNA from nuclei treated with two different concentrations of DNase I revealed that an incubation of the cells with 10-75 µM resveratrol for 24 h gives rise to a concentration-dependent increase of the average DNA fragment size after digestion, i.e. the accessibility of the chromatin to DNase I is considerably decreased by resveratrol ( Figure 1A and supplementary Figure S1 , available at Mutagenesis Online). At the same concentrations of resveratrol, cell proliferation is only slightly retarded, and the removal of the drug completely restores normal growth rates ( Figure 1B) . The absence of cytotoxic effects was confirmed by flow cytometric analyses of the cell cycle ( Figure 1C) , which showed mild accumulation of the cells in the S phase in the presence of ≥30 μM resveratrol, but no dose-dependent increase in the sub-G1 population.
The analogous incubation of AS52 cells with the HDAC inhibitors butyrate and TSA resulted in a smaller average DNA fragment size after digestion of the isolated nuclei with DNase I, indicating an increased accessibility of the chromosomal DNA ( Figure 1D and supplementary Figure S2 , available at Mutagenesis Online). The effects of the HDAC inhibitors, therefore, are opposite to that of resveratrol. At the same concentrations, the HDAC inhibitors induce a mild reduction of the fraction of cells in the S phase and an accumulation in the G1 phase (data not shown). At the concentrations applied, cell proliferation is neither affected by butyrate nor by TSA (data not shown).
The described effects of the substances on both DNase I accessibility and cell proliferation are not cell-line specific, since very similar results were also obtained with human HeLa cells (supplementary Figures S3 and S4 , available at Mutagenesis Online). Altogether, the data show that the extent of chromatin compaction is modulated in cultured cells under the influence of both HDAC inhibitors and resveratrol. The concentrations of the substances, which resulted in a clear decrease or increase of the chromatin accessibility, i.e. 75 μM resveratrol, 2 mM butyrate and 30 nM TSA, were chosen in subsequent experiments to investigate the effects of global chromatin compaction or decondensation on the generation and repair of various kinds of DNA damage.
It is interesting to note that the preincubation with 75 µM resveratrol causes a significant increase of the total glutathione levels, in addition to chromatin compaction (supplementary Figure S5 , available at Mutagenesis Online). The effect is even more pronounced in HeLa cells than in AS52 cells.
The repair of CPDs is inhibited by resveratrol, but not affected by HDAC inhibitors
In order to test whether the changes of the accessibility of chromatin caused by resveratrol and the HDAC inhibitors have any effect on the generation and/or repair of CPDs, we irradiated AS52 cells on ice with low (non-toxic) doses of UVB and determined the number of CPDs directly after irradiation and after repair incubations for various times, using an alkaline elution assay with T4-endonuclease V as a probe for CPDs (see Materials and methods). The chromatin modulators were present at various concentrations 24 h before irradiation and during the repair incubation (but-here and in further experiments-not during damage generation). The results (Figure 2A and D) show that the damage generation by UVB is not significantly influenced after preincubation with the chromatin modulators, although there is a tendency to higher levels of damage in AS52 cells treated with the HDAC inhibitors butyrate and TSA. The repair of the CPDs is much slower in the presence of 30 and 75 µM resveratrol ( Figure 2B and C) , while the HDAC inhibitors have no significant influence ( Figure 2E and F) . The same retardation of repair is also observed when resveratrol is present only during the repair time (without preincubation) (data not shown).
Repair retardation by resveratrol also takes place in HeLa cells (supplementary Figure S6 , available at Mutagenesis Online). However, the effect is much smaller than in AS52 cells and statistically significant only at the last of three time points analysed.
The repair of oxidised purines is inhibited by resveratrol, but not affected by HDAC inhibitors
To analyse the influence of the HDAC inhibitors and resveratrol on the generation and repair of oxidised purines such as 8-oxoG, which represent one of the most frequent type of endogenously produced DNA modifications and are known to be repaired by BER initiated in mammalian cells by OGG1, we exposed AS52 cells to visible light in the presence of the photosensitiser Ro19-8022 (25) . The treatment generates predominantly oxidised purine lesions recognised by the repair glycosylase Fpg, the bacterial functional homologue of OGG1, while SSB, sites of base loss and pyrimidine modifications, are much less frequent (25) . For cell-free damaging conditions, ~70% of the purine modifications were identified as 8-oxoG (25) . The results shown in Figure 3A and D indicate that the induction of the Fpg-sensitive base modifications is not influenced by resveratrol and only slightly, but significantly increased by the HDAC inhibitors, butyrate and TSA, which cause a more accessible chromatin structure. As in the case of the pyrimidine dimers, the more condensed chromatin structure caused by resveratrol is associated with a significant repair retardation ( Figure 3B and C) , while the open chromatin structure generated by the HDAC inhibitors has no influence on the global repair rates (Figure 3E and F) . In HeLa cells, neither the generation nor the repair of the Fpg-sensitive base modifications is significantly affected by 75 µM resveratrol (supplementary Figure S7 , available at Mutagenesis Online).
The repair of SSB is inhibited by resveratrol
The last type of DNA lesion analysed was SSB induced by incubation with low concentrations of H 2 O 2 for 15 min, either at 0°C or at 37°C. At both temperatures, the induction of SSB was found to be higher after preincubation with resveratrol, in contrast to the effect that would be expected to result from a less accessible chromatin ( Figure 4A and C). The elevated levels of SSB in resveratrol-treated cells observed after exposure to H 2 O 2 may be caused by (i) the elevated glutathione level in resveratrol-treated cells (supplementary Figure S5 , available at Mutagenesis Online), which increases the availability of Fe(II) required for the generation of hydroxyl radicals from H 2 O 2 (Fenton reaction) and (ii) the retardation by resveratrol of the repair taking place during the damage induction period (see below). For the analysis of the repair kinetics, cells were treated with H 2 O 2 concentrations that resulted in similar levels of damage at the beginning of the repair incubations. The data shown in Figure 4B and D indicate that the repair of SSB generated at 0°C is much faster than that of SSB generated at 37°C, both in the absence and presence of resveratrol. A putative explanation is that ongoing repair during the incubation with H 2 O 2 at 37°C gives rise to a relative accumulation of those types of SSB that are slower repaired than others (e.g. because of blocked 3′ or 5′ ends), i.e. these SSB are over-represented at the beginning of the subsequent repair incubation in the absence of H 2 O 2 . The preincubation with resveratrol and its presence during the repair incubation causes a retardation of the repair of the SSB, which is much more pronounced for the SSB present after damage generation at 37°C than for the (more rapidly resealed) SSB that are dominating after incubation with H 2 O 2 at 0°C. In HeLa cells, however, no retardation of the repair of SSB was observed under similar conditions (data not shown). Also, the HDAC inhibitor TSA (30 nM) had no influence on the repair of SSB generated at 37°C (supplementary Figure S8 , available at Mutagenesis Online).
The sirtuin inhibitor EX-527 partly reverses the chromatin condensation caused by resveratrol, but not the repair retardation and the effect on glutathione levels
The results described above indicate that resveratrol causes a retardation of the repair of different types of DNA modification, concomitantly with a decrease of the accessibility of the DNA in the chromatin. Since many effects of resveratrol are known to be mediated by an activation of SIRT1, we tested whether a potent and selective inhibitor of SIRT1, EX-527 (30, 31) , can prevent the repair inhibition caused by resveratrol. As shown in Table I , the presence of EX-527 (1 µM) alone did not significantly influence the repair rates of CPDs, oxidised purines and SSB. Moreover, the sirtuin inhibitor did neither decrease nor increase the repair retardations caused by resveratrol. The same negative results were also obtained using 10-fold higher concentrations of EX-527 (data not shown).
The influence of EX-527 (10 µM) on the decreased accessibility of chromatin caused by resveratrol is shown in supplementary Figure S9 , available at Mutagenesis Online. The data indicate a decrease of the resveratrol-induced shift of the average fragment size in the presence of EX-527. The result is an indication that the repair inhibition by resveratrol may not be fully explained by the global chromatin condensation, but involves additional (or other) mechanisms.
The influence of resveratrol on the cellular glutathione levels (supplementary Figure S5 , available at Mutagenesis Online) could be explained as an adaptive response to oxidative stress, which, as demonstrated previously (32) , in principle can inhibit the repair of oxidative base modifications. Therefore, we tested whether an increase of the cellular thiol concentration can reverse the repair retardation, as in the reported cases (32) . However, the presence of 1 mM DTT did not influence the repair of Fpg-sensitive sites in AS52 cells with and without resveratrol (data not shown). It is also interesting to note that the increase of the glutathione level during the incubation with resveratrol was not prevented in the presence of EX-527, i.e. this effect seems not to be mediated by SIRT1 (data not shown).
Discussion
In this study, we have addressed the question whether chromatin modulators, which change the global compaction of the chromosomal DNA by influencing the acetylation of histones, affect the generation or repair of DNA damage. Our results show that HDAC inhibitors (TSA and butyrate) increase the global accessibility of the nuclear DNA in AS52 and HeLa cells, as expected. This is associated with a small, but significant increase of the susceptibility to DNA damage induction by UVB and reactive oxygen species (ROS). On the other hand, it has no significant effects on the global repair rates of DNA modifications (CPDs, oxidised purines and SSB). The increased susceptibility to damage induction by ROS is in line with the sensitising effects of TSA and valproic acid observed for the cytotoxic effects of ionising radiation, which parallel the increased histone acetylation in the euchromatin (15) . The lack of influence of the HDAC inhibitors on various types of DNA repair under the same conditions is an indication that the global accessibility of chromatin in the cell lines studied is sufficiently high under normal conditions and not rate limiting for the detection of DNA modifications in the course of three different repair mechanisms analysed, despite the well-established relevance of histone acetylation for the local chromatin opening that takes place at repair sites, at least in the case of NER (5, 6) . This unexpected finding is in agreement with the lack of influence of TSA on the unscheduled DNA synthesis in normal human fibroblasts after irradiation with UV (6) .
In contrast to the only mild effects of the HDAC inhibitors, resveratrol was found to cause a strong inhibition of all three repair pathways analysed, i.e. NER, BER and SSB repair. In the cases of NER and BER, no accumulation of repair intermediates (SSB and AP sites) was observed in the presence of resveratrol (data not shown), indicating that the damage detection step, but not the processing of the lesions after incision, is most likely affected. The fact that three repair pathways with completely different damage sensing mechanisms and substantial differences in subsequent steps of damage removal and DNA re-synthesis are all inhibited by resveratrol points to a common causative factor and therefore is in accordance with the assumption that chromatin condensation is indeed the underlying mechanism. However, the sirtuin inhibitor EX-527 appears to decrease the global chromatin condensation without restoring the repair rates. This is an indication that-besides the global chromatin condensation-additional local effects on the chromatin (not sensitive to EX-527 and not detectable by DNase digestion) could be involved in the repair retardation.
The relatively small repair retardation observed in HeLa cells is surprising in view of the higher response of these cells with respect to the increase of glutathione levels (supplementary Figure S5 , available at Mutagenesis Online) and thus is an indication that these two effects of resveratrol are mechanistically unrelated. For many effects mediated by sirtuins, differences between cell types are very common due to the complexity of the network (33). The failure of the sirtuin inhibitor EX-527 to reverse the repair retardation does not exclude an activation of sirtuins as the underlying mechanism, since EX-527 is selective for SIRT1 and the deacetylation by other sirtuins (or of certain sirtuin substrates) may be poorly affected. In this context, it is interesting to note that the activation of SIRT1 by resveratrol is very substrate dependent as well (10, 34) . The mechanism underlying the repair inhibition, therefore, remains to be fully clarified.
The potentially adverse repair inhibition by resveratrol is unexpected in view of the many beneficial, in particular anticarcinogenic effects of resveratrol observed in vivo. For example, our previous experiments have shown that oral application of resveratrol to mice reduces the basal levels of oxidative DNA base modifications (8-oxoG) in the livers and reduces the resulting spontaneous mutation frequencies (GC to TA transversions) (35) . However, this protective effect is not caused by an influence of resveratrol on DNA repair, as the effects are even more pronounced in repair-deficient (Ogg1 ) mice. Rather, it is associated with (and therefore appears to be caused by) an up-regulation of the antioxidant defence system of the liver cells. As indicated by the elevated glutathione levels observed after incubation with resveratrol in both AS52 and HeLa cells (supplementary Figure S5 , available at Mutagenesis Online), this response appears to be rather general, but unable to protect against exogenous damage generation by the agents used in this study. The inhibitory effects of resveratrol on tumour development that have been reported appear to result from its influence on apoptosis, autophagy, cell cycle and inflammation, i.e. on effects on tumour promotion rather than tumour initiation (36) (37) (38) .
Supplementary data
Supplementary Figures S1-S9 are available at Mutagenesis Online.
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